The objective of present study was to develop an optimized polymeric nanoparticle system for the antiretroviral drug tenofovir. A modified nanoprecipitation method was used to prepare Eudragit RS PO nanoparticles of the drug. The effect of amount of polymer, surfactant concentration, and sonication time on particle size, particle distribution, encapsulation efficiency (EE), and zeta potential were assessed and optimized utilizing a three-factor, three-level Box-Behnken Design (BBD) of experiment. Fifteen formulations of nanoparticles were prepared as per BBD and evaluated for particle size, polydispersity index (PDI), EE, and zeta potential. The results showed that the measured mean particle sizes were in the range of 233 to 499 nm, PDI ranged from 0.094 to 0.153, average zeta potential ranged from −19.9 to −45.8 mV, and EE ranged between 98 and 99%. The optimized formulation was characterized for in vitro drug release and structural characterization. The mean particle size of this formulation was 233 nm with a PDI of 0.0107. It had a high EE of 98% and average zeta potential of −35 mV, an indication of particle stability. The FTIR showed some noncovalent interactions between the drug and polymer but a sustained release was observed in vitro for up to 80 hours.
Introduction
Tenofovir is one of the first-line drugs used in the treatment of the human immunodeficiency virus (HIV) infected adults. It is a potent inhibitor of the virus nucleotide reverse transcriptase and was approved for clinical use in 2001 [1] . Its relatively low toxicity, long plasma half-life of 17 hours, and convenient dosing of 300 mg per day has made it favoured in HIV/AIDS-burdened countries like South Africa [2] . It is also an important component of the fixed dose antiretroviral combinations Truvada, Atripla, and Complera [3] . However, tenofovir suffers from nephrotoxicity, high aqueous solubility and is characterized by low gastrointestinal membrane penetration, which lowers its bioavailability to 25% [4] . Therefore, to maintain the oral delivery route, formulating the drug into polymeric nanoparticles is essential for improving the bioavailability.
Nanoparticles present significant advantages over conventional free drug dosing [5, 6] . There is minimal drug loss during transit through the gastrointestinal tract while the particles evade degradation in the acidic environment of the stomach. Their size and surface properties allow for uptake, without disrupting the particles' integrity, by M cells in the Peyer's patches of the small intestine [7] . The lymphoid tissue associated with these patches facilitates distribution of the nanoparticles through the systemic circulations. While in the systemic circulation the nanoparticles extend the halflife of the drug and release it in a sustained manner. The resultant benefit is a reduction of therapeutic dose, increased bioavailability, and limitation of toxic side-effects.
Materials and Methods

Materials.
Polyvinyl alcohol (PVA) (molecular weight 13-23 kDa, 87-89% hydrolyzed), sodium dodecyl sulphate (SDS), Pluronic F127, Poloxamer 188, and acetone were purchased from Sigma-Aldrich (South Africa). Tenofovir was purchased from DB Fine Chemicals (South Africa). Eudragit RS PO (average molecular weight, 35 kDa) was received as a gift from Evonik (South Africa). All other chemicals used were of analytical grade and purchased from Sigma-Aldrich (South Africa).
Solubility Studies.
Solubility experiments were carried out by adding excess amount of tenofovir (134 mg) in 5 mL of surfactants (PVA, SDS, Poloxamer 188, and Pluronic F127) in stoppered vials and agitated on a shaker at 100 rpm for 24 hours at room temperature. The solution was filtered through a 0.45 m membrane filter and the concentration of the drug was determined using UV/Vis spectrophotometer at 260 nm (Perkin Elmer, Lambda 35, Singapore).
Experimental Design and Analysis.
The BBD (three factors, Quantum XL, Sigma) was used to study the influence of formulation parameters in optimizing the preparation of nanoparticles. Effects of three independent parameters, namely, ratio of a polymer to a drug ( 1 ), concentration of surfactant ( 2 ), and sonication time ( 3 ) on average particles size ( 1 ), particle size distribution (expressed as polydispersity index, PDI) ( 2 ), encapsulation efficiency (EE) ( 3 ), and zeta potential ( 4 ) were studied. They were selected at their low, medium, and high levels with replicated centre points as shown in Table 1 . The completed design consisted of 15 experimental runs, which were done in triplicate.
Analysis of variation (ANOVA) helps to identify the significant independent factors that affect the responses [22] and the fitness of the model. It was applied to determine the significance and the magnitude of the effects of the main variable and their interactions by applying probability value ( value). The fitness of the model was checked by coefficient of determination (
2 ) and signal to noise ( -test). A nonlinear quadratic model correlating the relationship between the independent and dependent variables were generated and shown in = 0 + 1 1 + 2 1 + 3 3 + 12 1 2 + 13 1 3
where is the dependent variable, 0 is the intercept, 1 to 23 are the regression coefficients, and 1 , 2 , and 3 are the independent variables. To graphically demonstrate the influence of each factor on the response, the surface plots for each response were generated results using BBD [23] .
Preparation of Nanoparticles.
Tenofovir nanoparticles were prepared using modified nanoprecipitation method [24] in accordance with BBD (Table 2) . Fifteen different amounts of Eudragit RS PO were dissolved in acetone (3 mL) and diluted with distilled water (2 mL) under sonication for 5 min. The prepared solutions were added into 10 mL of the aqueous phases containing 50 mg of tenofovir and different percentages of SDS, which were previously sonicated for 10 minutes. Subsequently, nanoparticles were formed which turned the aqueous phase slightly milky with bluish opalescence. However, the mixtures were continued to be sonicated at different time frames and were left to stir overnight to aid size reduction and to evaporate solvent present. Ratio of a polymer to a drug (mg) The mean particle size, particle size distribution (PDI), and zeta potential of nanoparticles were determined using Malvern Zetasizer Nano ZS (Malvern Instruments, United Kingdom). Each sample was measured in triplicate. The results are expressed as mean standard deviation (SD).
Encapsulation Efficiency and Drug
Loading of Nanoparticles. The encapsulation efficiency and drug loading of nanoparticles were determined by UV/Vis spectrophotometry. The prepared samples were centrifuged at 20 000 rpm for one hour, to separate nanoparticles from aqueous medium.
The supernatant was taken and quantified by measuring at 260 nm. The encapsulated drug was calculated using
Encapsulation efficiency (%) = ( (total amount of drug − amount of the free drug) total drug ) × 100, Drug loading (%) = ( (amount of drug in nanoparticles) total weight of nanoparticles ) × 100.
Fourier Transform Infrared Spectroscopy (FTIR)
. FTIR spectra of pure drug, Eudragit RS PO polymer, and nanoparticles were recorded using Perkin Elmer Spectrum 100 FTIR spectrophotometer, USA. The samples were placed onto sample holder and scanned in the spectral region between 4000 cm −1 and 650 cm −1 .
Morphology.
The morphology of the nanoparticles was studied using a scanning electron microscope, SEM (Field Emission Electron Microscope, JEOL JSM-7500F, Japan). The samples were prepared using a double adhesive tape stuck to an aluminium stub. Drops of nanoparticles dispersion were applied on the stub and dried overnight. They were then coated with gold under an argon atmosphere using a gold sputter in a high vacuum evaporator.
In Vitro Drug
Release. The in vitro drug release studies were carried out using dialysis bag method [25] . Briefly, 20 mg of freeze-dried samples was suspended in 10 mL of PBS (pH 7.4 and 1.5) and filled in dialysis bags with the molecular weight cut-off value of 12 000 Da. The bags were placed separately in 50 mL PBS (pH 7.4 and 1.5), respectively, and agitated in a 37 ∘ C water bath shaker at 100 rpm. At predetermined time intervals, 5 mL aliquots were drawn and the dissolution media were then replaced by 5 mL of fresh PBS to maintain a constant volume. Concentration of drug released was determined using UV spectrophotometer. The percent drug release was determined by
Results and Discussion
Solubility Study.
Nanoprecipitation of hydrophobic drugs is more facile than the hydrophilic ones. Hydrophilic drugs tend to rapidly equilibrate from the organic to the outer aqueous phase leaving very little drug in the precipitating nanoparticles [26] . Modification of the traditional method with the use of surfactants improves the EE. Thus the purpose of solubility study was to identify suitable surfactant that possesses good solubilizing capacity for tenofovir to increase entrapment of the drug. A number of surfactants (SDS, PVA, Pluronic F127, and Poloxamer 188) were employed. It was found that the drug exhibited maximum solubility of 226 mg⋅mL −1 in SDS, followed by Pluronic F127 (151 mg/mL) ( Figure 1 ). It was also found that SDS was able to increase the drug solubility by threefold when compared to the solubility of tenofovir in water. Divya et al. [18] also determined the solubility of tenofovir in different oils and surfactants (Tween 20 and Tween 80) by employing the same method [18] . Their results indicated that the drug had a solubility of 33.3 mg⋅mL −1 in Tween 20, which is much less when compared to our results.
Preparation and Optimization of Nanoparticles.
Threelevel, three-factor BBD was used to study the effect of variables in the preparation steps of nanoparticles. Modified nanoprecipitation method was used to prepare 15 formulations as per BBD. On the basis of the results obtained from solubility study, SDS was chosen as surfactant to stabilize nanoparticles and acetone was chosen as an organic phase. As shown in Table 3 , the measured mean particle sizes are in the range of 233 to 499 nm, PDI 0.094 to 0.153, average zeta potential −19.9 to −45.8 mv, and EE 98-99%.
Statistical Analysis of the Model.
ANOVA was performed to test the significance and adequacy of the model. The criteria followed in this model are if the calculated value of the -ratio (signal to noise ratio) of the regression model is more than the standard value specified ( -table) for 95% confidence level and the model is considered adequate within the confidence limit [27] . Normally the ratio greater than 4 is desirable for the model to be used effectively [28] . Factors with values that are less than 0.05 are considered to be statistically significant to the response [29] . Any terms in the models with high -value and small value indicate more significant effect on the respective response variables. Moreover, coefficient of determination (
2 ) indicates the proportion of variation in the data that is explained by the model. An 2 closer to 1 or 0.9 indicates that the model fits the data perfectly. Tables 4-7 show results of the ANOVA model for mean particle size, EE, average zeta potential, and PDI, respectively.
The significant effects of the independents variables were graphically demonstrated by 3D surface plots. These kinds of plots are useful in studying the effects of two independent factors on the response at one time [30] . Since the model has more than two factors, one factor was held constant for each diagram [31] . The 3D surface plots illustrating the effects of independent variables on mean particle size, EE, average zeta potential, and PDI are shown in Figures 2-5 , respectively.
Mathematical models were developed to understand the nature of the true relationship between the input variables and the output variables of the system [32] . The equation is composed of linear and interaction terms. The linear terms are coded independent variables ranging between −1 and +1 [33] while interaction terms are second-order terms which are useful to estimate nonlinearity of response [34] and how response changes when two variables are simultaneously changed [8] . The negative sign for the coefficients in the equation indicates a negative effect on responses, while the positive sign indicates a positive effect [8] . The reduced mathematical models for mean particle size, EE, average zeta potential, and PDI are presented by (4) to (7), respectively.
Effect of Independent Variables on Particle Size.
The results presented in ANOVA Table 4 indicate that all the studied factors ( 1 = ratio of polymer to a drug, 2 = concentration of surfactant, and 3 = sonication time) were found to have significant effect on mean particle size. The coefficient of determination (
2 ) of the model for mean particle size was 0.9446 with adjusted 2 of 0.9152 indicating that 94.46% and 91.52% of the model can be predicted. The equation derived for mean particle size is given in 
where 1 , 2 , and 3 are ratio of a polymer to a drug, concentration of a surfactant, and sonication time, respectively, and 1 3 and 2 3 are interaction effects between ratio of a polymer to a drug and sonication time, concentration of a surfactant, and sonication time while From equation, it was observed that ratio of a polymer and concentration of a surfactant had positive effect on mean particle size whereas sonication time had negative effect. Figure 2 provides the 3D response surface plots showing the change of particles size corresponding to the change of independent variables. Figure 2(a) shows the effect of ratio of a polymer to a drug and concentration of a surfactant at a constant sonication time. It can be seen from the plot that an increase in ratio of a polymer and concentration of a surfactant resulted in an increased mean particle size. It was explained that an increase in polymer concentration leads to an increase in viscous force resisting droplet breakdown by sonication [35] . Small mean particle size was obtained by low polymer to a drug having ratio of 1 : 1 (50 mg of a polymer to 50 mg of a drug). These results are in good agreement with the results reported by Gannu et al. [36] where they showed that smaller particle size was observed with the formulation having drug polymer ration 1 : 1 due to the surfactant concentration enough to maintain the stability of the particles [36] . Small mean particle size was observed in Figure 2 (b) when sonication time was increased. This may be due to the increase erosion effect on the surface of large particle and particle agglomerates resulting in small particles [37] . Figure 3 : 3D response surface plots showing the effect of (a) ratio of a polymer to a drug ( 1 ) and concentration of a surfactant ( 2 ) at constant sonication time ( 3 ) and (b) ratio of a polymer to a drug ( 1 ) and sonication time ( 3 ) at constant concentration of a surfactant ( 2 ). 
Effect of Independent Variables on EE.
Journal of Nanomaterials Figure 4 : 3D response surface plots showing the effect of (a) ratio of a polymer to a drug ( 1 ) and concentration of a surfactant ( 2 ) at constant sonication time ( 3 ) and (b) ratio of a polymer to a drug ( 1 ) and sonication time ( 3 ) at constant concentration of a surfactant ( 2 ).
X 1 = ratio of a polymer to a drug X 2 = concentration of a surfactant Journal of Nanomaterials where 1 , 2 , and 3 are ratio of a polymer to a drug, concentration of a surfactant, and sonication time, respectively, and 1 2 and 1 3 are interaction effects between ratio of a polymer to a drug and sonication time while 1 1 is quadratic effect on EE.
The direction of the magnitude of significance as shown in (5) was negative for ratio of a polymer to a drug indicating an inverse relationship between ratio of a polymer to a drug and EE. This can further be seen from 3D surface plots in Figure 3 . From Figure 3(a) , a higher EE was attained with decrease in ratio of polymer to a drug and a maximum concentration of a surfactant at a constant sonication time. Similarly in Figure 3 (b), a higher EE was obtained with a decrease in ratio of a polymer to a drug and a maximum sonication time at a constant concentration of a surfactant. This can be due to the fact that an increase in polymer concentration led to an enhancement of the concentration gradient between emulsion droplets and the continuous phase, as a result increasing the amount of drug partitioning into the continuous phase [38] . Table 6 shows that zeta potential is significantly influenced by ratio of a polymer to a drug and sonication time. It was also found that the interaction between ratio of a polymer and sonication time and concentration of surfactant and sonication time significantly influence zeta potential. The coefficient of determination (0.8167) for the response was found to be close with adj. 
Effect of Independent Variables on Zeta Potential.
where 1 , 2 , and 3 represent ratio of a polymer to a drug, concentration of a surfactant, and sonication time, respectively, and 1 3 and 2 3 are interaction effects between ratio of a polymer to a drug and sonication time and concentration of a surfactant and sonication time while 1 1 are quadratic effect.
3D surface plots corresponding to zeta potential are illustrated in Figure 4 . From Figure 4 (a), it was observed that decreasing the ratio of a polymer to a drug from 100 mg to 50 mg resulted in an increased zeta potential with an increased concentration of a surfactant. The results are similar to the results published by various researchers [22] that the zeta potential decreases at high level of ratio of a polymer to a drug. The reduction in zeta potential is attributed to the effect of the shift in the plane of shear away from the particle surface [39] . Figure 5 (b) also shows that a decrease in ratio of a polymer resulted in an increased zeta potential with an increased sonication time.
Effect of Independent Variables on PDI.
In case of PDI, ratio of polymer to a drug has shown statistically significant 
where 1 and 2 are ratio of a polymer to a drug and concentration of a surfactant, respectively. Figure 4 shows 3D response surface plots showing the change of PDI corresponding to the change of independent variables. As shown in Figure 4 (a) increasing an amount of polymer resulted in an increase in PDI. The same profile was observed in Figure 3 (b). The equation explaining the effect of independent factors on PDI is shown in (7) below.
Validation of the Model.
The aim of the optimization was to obtain small particles size, small PDI, high EE, and high zeta potential. The optimal formulation was found to be 50 mg of polymer, 3% concentration of surfactant (SDS), and 45 minutes of sonication time. In order to confirm the predicted results, the predicted and experimental results were compared as shown in Table 8 . The percentage prediction error was calculated which helps in the validation of generated regression by using (8) . The percentage errors between measured and predicted values were found to be insignificant. A graphical representation of an optimized mean particle size is given in Figure 6 :
3.9. FTIR and SEM Analysis of Optimized Nanoparticles. The FTIR spectra of tenofovir, Eudragit RS PO, and Eudragit RS PO-tenofovir nanoparticles are shown in Figure 7 . FTIR spectra of pure tenofovir drug showed a weak intensity broad band at 3225 cm −1 corresponding to O-H of aromatic ring, a sharp peak at 1600 cm −1 which is due to phosphoric P=O group and N-H wagging bands at 660 and 900 cm −1 [40] .
Eudragit spectra showed peaks at 1260, 1736, and 1340 cm which are due to C-O, C=O, and C-N, respectively. A stronger, wide peak was observed in the final nanoparticles without major shift in the structure of Eudragit. This could be attributed to an ionic electrostatic interaction between the drug and the polymer during formation of nanoparticles. Additionally, there was compatibility between drug and the polymer, meaning that, during the process of formulation, Journal of Nanomaterials polymer has not reacted with the drug to give rise to reactant products; it is only physical mixture. A spherical morphology of the prepared nanoparticles was observed in the SEM images ( Figure 8 ).
In Vitro Drug
Release Studies. The in vitro drug release studies were carried out in dissolution media pH (7.4 and 1.5) within a period of one week. The release profiles for both pH 7.4 and 1.5 are displayed in Figure 9 . An identical release profiles were observed in both dissolution media, which is due to the fact that Eudragit RS PO is pH independent; the release of drug is dependent on the diffusion of the drug from the matrix of the polymer. After 80 hours about 90% of the drug was able to be released in both media. However, the release of a drug in acidic media pH 1.5 was slightly higher than that of the alkaline media; this is attributed to the fact that Eudragit RS PO contains quaternary ammonium groups and solubilisation of these quaternary ammonium groups in acidic pH leads to formation of pores in the matrix, thereby releasing more drug in the acidic pH [41] . Long term release of the drug may be due to the charge interactions between the cationic polymer and anionic drug resulting in a gradual drug release. These results demonstrated that the nanoparticles were able to sustain the release of tenofovir by showing slow absorption rate and therefore were more suitable for controlling the release of the drug.
Conclusion
The encapsulation of tenofovir in Eudragit RS PO nanoparticles was successful with the aid of an optimal design based on BBD. The characteristics of the designed nanoparticles are attractive for pharmaceutical use as they showed high EE, physical stability, narrow size distribution, and prolonged drug release.
